Magnolia wufengensis L.Y. Ma et L. R. Wang, a rare species which has been introduced and cultivated from southern China to northern China, frequently suffers from freezing injuries. To figure out the influence of ethephon (ETH) application on the cold tolerance during the natural overwintering of M. wufengensis, one-year shoots subjected to ethephon application at four concentrations (0, 700, 1000, and 1500 mg·L −1 ) were collected to measure the physiological and biochemical changes from September 2017 to 1 April 2018. The fall ETH application increased the freezing tolerance of M. wufengensis, and the optimum concentration for M. wufengensis was 1000 mg·L −1 (T2), which not only improved the shoot freezing tolerance by 1.4 times, but also led to a 25.0% faster cold acclimation rate and 13.7% slower de-acclimation rate. Moreover, 1000 mg·L −1 ETH delayed bud-burst in the spring by 10. 7 d, which was helpful for effectively avoiding cold spells in the spring, and improved the rates of bud survival by 47.1%. The improved freezing tolerance under exogenous ETH application was associated with an increased dehydration and accumulation of proline content. It seems that exogenous ETH application may be used on M. wufengensis grown in northern China to protect against freezing tolerance during the overwintering period.
Freezing injuries adversely affect the growth, productivity, and geographical distribution of horticultural plants [9, 10] . The susceptibility of plants to freezing injuries may be due not only to an insufficient freezing tolerance, but also to the timing and rate of cold acclimation and de-acclimation [11] . Cold acclimation, the process by which plants transit from a cold-sensitive to cold-hardy state [12] , is essential for the survival of woody plants growing in temperate regions [13] . Cold acclimation usually develops in two stages. In the first stage, the short-day condition induces growth cessation, leaf senescence, and a certain development of freezing tolerance [14] [15] [16] . The decreasing air temperature observed in the second stage increases the freezing tolerance to the maximum level [17] . Freezing tolerance decreases during the de-acclimation period [18] [19] [20] . A series of physiological and biochemical responses associated with an increasing freezing tolerance include modifications of the membrane lipid composition, a decreased tissue water content, the accumulation of proline, soluble protein, sugars, and hormone regulation [18] [19] [20] . In general, the changes which occur during cold acclimation are reversed during de-acclimation.
Ethephon is a kind of plant growth regulator which functions by releasing ethylene when absorbed into plants (pH > 4 [21] ). The phytohormone ethylene takes part in many complex physio-chemical processes. In addition, it is closely associated with biotic stresses and abiotic stresses, including pathogen attacks [22] , drought stress [23] , salt stress [24] , and cold stress [25] . The specific role of ethylene's response to cold stresses and cold acclimation may vary among species. Some studies have reported that ethylene negatively regulated the cold acclimation-induced freezing tolerance of alfalfa seedlings [26] , arabidopsis [27] , and Bermuda grass [28] ; on the contrary, more studies have concluded that increases in ethylene contents cause cold tolerance to be enhanced, including that of wheat [29] , tobacco [30] , the Musa AAA Cavendish subgroup [31] , Secale cereale (rye) [32] , tomato [33] , and Phaseolus spp. (bean) [34] .The mechanism of ethephon's regulation of cold tolerance is ethylene response factor (ERF) genes, which trigger many cold-response pathways by controlling the expression of downstream genes [30] and related downstream pathways, including plant senescence [34] , antioxidant enzymes [35] , ice nucleation activity, and the patterns of osmotic proteins [35] .
However, to the best of our knowledge, no published reports are available on the influence of exogenous ethephon (ETH) application to Magnolia plants, especially on the cold resistance of M. wufengensis. Therefore, this study begins to focus on this unknown field. Physiological and biochemical responses of field-grown M. wufengensis seedlings to root application ETH treatments during cold acclimation were investigated in this study. The following questions were addressed: (1) Is the role of ethylene in the freezing tolerance of M. wufengensis seedlings positive or negative? (2) What is the optimum ETH application concentration for ultimately improving the freezing tolerance of M. wufengensis? (3) Does ETH affect both acclimation and de-acclimation processes in M. wufengensis?
Materials and Methods

Plant Materials and Experimental Treatments
The Dongdadi Experimental Base of Beijing University of Agriculture in Beijing, China (39 • 48 N, 116 • 28 E), was used in this study. The air temperature data from September 2017 to March 2018 that we recorded are shown in Figure 2 . The soil type was cinnamon soil.
In early April 2017, 1-year-old M. wufengensis seedlings from the Rare Plant Institute of Forestry Bureau of Wufeng County in Wufeng, Hubei Province, China (29 • 56 N, 110 • 15 E), were planted at our experimental site. The plants were grown in five plots at our study site. Each plot (about 10 m × 3 m) contained 20 plants and the planting space was 0.5 m × 0.5 m. From April to 31 August, the seedlings were kept well-irrigated and protected against bacterial pathogens and weed competition. The average height of the seedlings was 524.0 mm, and the average ground diameter of them was 11.4 mm. In our pre-experiment, the optimum time for ETH application was about early September, and ETH concentrations above 1600 mg·L −1 were observed to cause leaf damage (data not shown). Therefore, the seedlings were subjected to four concentrations of ETH, consisting of 0 mg·L −1 (T0), 750 mg·L −1 (T1), 1000 mg·L −1 (T2), and 1500 mg·L −1 (T3), between 16:00 and 18:00 on the 1, 11, and 21 of September. The ETH solution with 40% active ingredients was provided by Sichuan Guoguang Agrochemical Co., Ltd. (Sichuan, China). Each treatment involved three replications. Whole seedlings were sprayed with ETH solutions to runoff with a 5 L handheld sprayer averaging a spray volume of 0.5 L/seedling. 
Determination of Shoot Growth
Shoot length was measured every 3 days from 1 to 30 September. Ten representative seedlings under each treatment were selected and one healthy upper-crown shoot facing the sun on each representative seedling was selected for shoot length measurement by steel tape. The same sampling method was applied to D50B (days to 50% bud-burst), LT50 (50% relative electrolyte leakage), water content, proline content, and days to terminal bud-burst. The relative growth rate (RGR) and days to growth cessation (DGC) of shoot length were measured according to the method of Yang et al. [5] [6] [7] [8] . In brief, the RGR of shoot length was determined by the formula, RGR = (lnv 2 − lnv 1 )/(t 2 − t 1 ), where v 1 is the value of shoot length on the first measuring day, v 2 is the value of shoot length on the last measuring day, t 1 is the first measuring day (1 September), and t 2 is the last measuring day (30 September) . Days to growth cessation (DGC) of shoot length, assessed as the number of days since 1 September to shoot growth cessation, were recorded every three days.
Determination of Leaf Senescence
For leaf senescence, assessed as the leaf chlorophyll content, ten representative seedlings under each treatment were selected and one healthy upper-crown leaf facing the sun on each seedling was selected for shoot growth measurement, which was determined once per 10 d from 1 September to 31 October using SPAD-502 (Konica Minolta, Japan).
Determination of Bud Dormancy
Bud dormancy, assessed as days to 50% bud-burst (D50B), was determined monthly from 30 September 2017 to 30 March 2018. The D50B was measured according to the method of Yang et al. [6, 8] . In brief, the trays were placed on benches under forcing conditions in a growth chamber (Saifu Corporation, Ningbo, P. R. China) with the following settings: a 24 h photoperiod at 500 µmol m −2 s −1 PPFD, 22 • C, and 80% relative humidity. Bud-burst (%) was recorded every day.
Determination of Shoot Freezing Tolerance
The freezing tolerance of shoots, assessed as the lowest temperature at which 50% injury occurred (LT50), was determined monthly from 30 September 2017 to 30 March 2018. The LT50 was measured according to the method of Yang et al. [5] [6] [7] [8] . In brief, the tubes were incubated in a circulating water bath equipped with a temperature controller (DC1030; Saifu, P.R. China) and cooled at a rate of 2 • C·h −1 until they reached 0 • C. There were seven designed temperatures, including 0, −5, −10, −15, −20, −25, and −30 • C, in our freezing experiment. After being maintained at 0 • C for 1 h, the tubes were cooled at a rate of 5 • C·h −1 until each target temperature was reached, and were maintained for 2 h at each target temperature. LT50 was estimated from an asymmetric sigmoid curve constructed with the Gompertz function, fitted to the percent injury data calculated by the analyzed electrolyte leakage according to the method of Jun et al. [36] .
Determination of Physiological and Biochemical Parameters in the Shoots
The water content and proline content in the shoots were determined monthly from 30 September 2017 to 30 March 2018. The water content was calculated using the formula, water content = (fresh weight − dry weight)/fresh weight. In brief, collected fresh shoots were quickly cut into small pieces and placed in an aluminum box (dried and weighed in advance), and the weight was accurately recorded with an analytical balance. They were dried in an oven at 105 • C for 2 h, and then dried at 80 • C until reaching a constant weight. The proline content was measured according to the method of Bates et al. [37] , with a little modification. In brief, freeze-dried shoot material (8 to 20 mg dry weight) was boiled for 10 min in 2.5 mL of 3% aqueous sulfosalicylic acid, and was then cooled and filtered through filter paper. A total of 2 mL of filtrate was reacted with 2 mL of acid ninhydrin and 2 mL of glacial acetic acid in a test tube for 30 min at 100 • C. This was then terminated in an ice bath and 4 mL of toluene was mixed vigorously for 20 sec and centrifuged at 3000 r/min for 5 min. Next, supernatant was collected, and the absorbance was read at 520 nm, using toluene as a blank.
Determination of Bud-Burst in Spring
Bud-burst was recorded each day for all seedlings from 1 April 2018 onwards. Days to terminal bud-burst was recorded, and final bud survival rates were calculated.
Statistical Analysis
All data were analyzed using SPSS Statistics 18.0, including a one-way analysis of variance for the main effects of different treatments and a correlation analysis. All tables and figures were produced using Microsoft Word 2016 and Sigmaplot 12.5, respectively.
Results
Shoot Growth
Compared with the seedlings under T0 (Figure 3 ), exogenous ethephon applications decreased both the RGR and DGC values of M. wufengensis, and the RGR of shoot length decreased by 0.0019 mm·d −1 under T2. The shoots under T2 stopped elongating before 15 September, while it took 9 d longer for T0-treated shoots to stop the growth of seedlings than T2-treated shoots. 
Leaf Senescence
Chlorophyll content-treated ETH decreased after the first application and was lower, while leaf chlorophyll content under T0 remained the same from 1 to 11 September, and then decreased after 11 September (Figure 4 ). Compared with T0, the range of decline of chlorophyll content was 20.8%, 31.3%, and 14.2% larger under T1, T2, and T3, respectively. The decreased rates of chlorophyll content between 1 September and 31 October were 34.0%, 51.8%, and 23.9% faster under T0, T1, T2, and T3, respectively. Based on the chlorophyll content, the degree and rate of leaf senescence were as follows: T2 > T1 > T3 > T0. 
Effect of ETH on Bud Dormancy
Compared with T0, the D50B values of seedlings treated with ETH were significantly higher during the whole experimental period. The trend of D50B was similar to that of air temperature (Figures 2 and 5 ). D50B under each treatment continued to increase during cold acclimation and reached the maximum value in January (D50B of 18, 22, 25, and 21 d under T0, T1, T2, and T3, respectively), after which it decreased during de-acclimation ( Figure 5 ). The increased rates of D50B during cold acclimation were 1.9, 2.2, 2.6, and 2.1 d per month under T0, T1, T2, and T3, respectively. Decreased rates of D50B during de-acclimation were 4.2, 3.5, 3.0, and 4.0 d per month under T0, T1, T2, and T3, respectively. Based on the D50B values (seedlings in growth chamber), the seedlings under T2 (ETH 1000 mg·L −1 ) displayed the significantly deepest bud dormancy levels, followed by T1, T2, and T0. 
Freezing Tolerance in the Shoots
The LT50 values of the shoots treated with ETH were significantly lower than those of the shoots under T0 during overwintering. Specifically, LT50 values under each treatment changed coincidently with air temperature (Figure 2) , which continued to decrease during cold acclimation, and reached the minimum value in January (LT50 of −17.4, −20.9, −23.9, and −19.5 • C under T0, T1, T2, and T3, respectively), before then increasing ( Figure 6 ). The decreased rates of LT50 during cold acclimation were 2.7, 3.0, 3.4, and 2.9 • C per month under T0, T1, T2, and T3, respectively. Based on the LT50 values, the freezing tolerance of the seedlings could be ordered as T2 > T1 > T3 > T0 during overwintering. 
Effect of ETH on Biochemical Parameters in Shoots
During the entire overwintering period, seedlings treated with ETH exhibited significantly lower water values than those treated with T0. The tendency of the water content in the shoots under each treatment to change was highly similar to that of LT50, and the water content reached the minimum value in January (the values of 51.2%, 43.9%, 37.9%, and 46.9% under T0, T1, T2, and T3, respectively), before then increasing (the values of 65.5%, 58.7%, 53.7%, and 60.0% under T0, T1, T2, and T3, respectively) ( Figure 7) . The water content significantly declined under T2 (ETH 1000 mg·L −1 ) from late September 2017 to late January 2018. The decreased rates of water content during cold acclimation were 6.1%, 5.3%, 7.1%, and 5.4% per month under T0, T1, T2, and T3, respectively. The water contents could be ordered as T0 > T3 > T1 > T2. The proline content in the shoots under each treatment increased and reached its maximum level in December, before then decreasing (Figure 8 ). The shoots' maximum proline content levels (26.9, 37.6, 44.6, and 30.9 ug·g −1 dry weight (DW) under T0, T1, T2, and T3, respectively). In March 2018, the values were 13.1, 18.8, 24.4, and 17.0 ug·g −1 DW under T0, T1, T2, and T3, respectively. All ethephon treatments could accelerate proline accumulation, while T2 was much more effective than the others. Proline could be ordered as T2 > T1 >T3 > T0. 
Effect of ETH on Bud-Burst in Spring
As seen in Figure 11 , compared to T0, all ethephon applications significantly delayed (p < 0.05) bud-burst 3.7, 10.7, and 6.4 d under T1, T2, and T3, respectively (Figure 9 ). In addition, three concentrations of ETH significantly (p < 0.05) increased the bud survival rates by 18.6%, 32.0%, and 15.7% under T1, T2, and T3, respectively (Figure 9 ). To sum up, days to bud-burst and the bud survival rate could be ordered as T2 > T1 >T3 > T0. 
Discussion
Vegetative growth in late fall has been shown to negatively correlate with winter-hardiness [38] . Our experimental results showed that the exogenous ethephon inhibited shoot growth of M. wufengensis (Figure 3 ). The effects of ETH on growth are linked to the interactions between ETH and other plant hormones [28] . Additionally, ETH treatments of 1000 mg·L −1 advanced the growth cessation of M. wufengensis seedlings by 9 d (Figure 3 ). This suggests that the seedlings under this ETH concentration underwent cold acclimation earlier, because growth cessation is an early physiological step in the cold acclimation process [39] .
Leaf senescence is another early process and sign of cold acclimation [40] , which remobilizes nutrient substances from leaves to overwintering tissues like shoots. The degradation of chlorophyll occurs in mesophyll cells during leaf senescence [41] . In our experiment, ethephon application significantly accelerated the degradation of chlorophyll of M. wufengensis seedlings (Figure 4) , and a similar function of inducing leaf senescence by ethephon has been verified in previous studies [28, 42, 43] . In addition, the leaf senescence process induced by ethephon may depend on the initial application date, frequency, concentrations, and intervals [42] . Senescence is a combination function of ethylene and cytokinin ratios [28] . In addition, in Arabidopsis thaliana, ethylene accelerates leaf senescence by directly activating chlorophyll catabolic genes which shed light on the primary molecular mechanism between ethylene and leaf senescence [43] . In this study, faster leaf senescence under T2 (ETH 1000 mg·L −1 ) may indicate stronger freezing tolerance at an earlier point in time. This is because faster senescence tends to imply better and more adequate cold acclimation [40] . In addition, cold-hardy species usually exhibit leaf senescence earlier than cold-sensitive species [44] .
According to the inhibitory sources, bud dormancy in woody species can be divided into three categories: para-dormancy (inhibition from distal organs), endodormancy (inhibition from internal bud signals), and eco-dormancy (inhibition from unfavorable environmental conditions) [45] . Buds initially go through the endodormancy phase and then the eco-dormancy phase during cold acclimation after the chilling requirement has been satisfied. It can be concluded that the ETH application of 1000 mg·L −1 could induce the endodormancy of M. wufengensis ( Figure 5 ), because single cuttings (not para-dormant) were used in favorable growing environments (not eco-dormant) [46] . Although there was a lack of direct data, many researchers have reported that ethephon could alter the chilling/heat requirement of buds, affect bud development, prolong the period of bud dormancy, and delay bloom effectively [47] [48] [49] . Deeper dormancy during overwintering was related to more cold-hardiness [8] . This result may mean that seedlings sprayed with 1000 mg·L −1 ETH (T2) are more tolerant than the others.
Similar to other woody perennial plants, the freezing tolerance of M. wufengensis was strengthened during cold acclimation, and peaked in January [5] [6] [7] [8] 50] . Based on LT50 values, ETH application could enhance the freezing tolerance of seedlings during overwintering, of which 1000 mg·L −1 ETH (T2) was the most effective concentration ( Figure 6 ). Exogenous ethylene application has previously been reported to enhance the freezing tolerance in many plants [29] [30] [31] [32] [33] [34] 51] . In addition, relatively more and severer freezing damage in one-year shoots of the seedlings without ETH application was observed in midwinter January (visual observation), indicating the effectiveness of ETH for increasing the freezing tolerance of M. wufengensis.
An increased freezing tolerance is commonly connected to a reduced water content [52] , which was well-observed in our study. A significant relationship between water content and freezing tolerance in M. wufengensis seedlings was detected ( Figure 10 ). Plant cells are usually dehydrated under the extracellular freezing process, and a dehydration-induced freezing tolerance has been well-illustrated [10] . Therefore, the observed differences in water content among treatments may explain, at least partly, the superior freezing tolerance under an ETH application of 1000 mg·L −1 . It has been demonstrated in four bermudagrass cultivars that water stress in late autumn can help plants acquire early cold acclimation and dormancy, which may also be the consequence of the induced abscisic acid (ABA) synthesis caused by water stress [53] . In this paper, freezing tolerance was significantly correlated with proline content in M. wufengensis seedlings, which was consistent with [35, 51] (Figure 11 ). Proline plays multiple roles in plant stress tolerance, as a mediator of osmotic adjustment, a stabilizer of proteins and membranes, an inducer of osmotic stress-related genes, and a scavenger of reactive oxygen species (ROS) [54] [55] [56] [57] . Hence, the higher proline content under the ETH application of 1000 mg·L −1 also explained the increased freezing tolerance. In general, early-bloom buds are more susceptible to spring frost damage than later-bloom buds. Exogenous ETH application could decrease the rate of de-acclimation, delaying the period of bud dormancy and bloom [48, 49, 58] . In this study, ETH prolonged bud-burst and improved the bud survival rate to different extents, which would protect buds against spring frost.
In sum, in recent years, ethylene (or ethephon) has attracted more and more attention with the development of molecular biotechnology. Previous studies have mostly focused on how ethylene or ethylene influences plants under an artificial low temperature of an artificial environment [27, 30, 34, 35] ( Table 1) . They have also included early studies on the freeze resistance of ethylene to plants, while ignoring the physiological effects of ethylene on plants during the natural overwintering period [26, 28, 29, 31, 32, 34] (Table 1 ). This study was the first study about ethephon on Magnoliaceae plants during the entire natural wintering period, which included the effects of ethephon application in late autumn on the growth cessation, leaf senescence, freezing resistance, and the survival rate of winter buds after spring, so it has a very strong practical significance and guiding role. According to the results, in addition, this study not only concluded that ethephon application at the end of autumn could enhance the freezing resistance in winter, but also explained its intrinsic physiological mechanism, that is, by reducing the water content and promoting the accumulation of proline (small molecular substances), so it preliminarily explored the intrinsic mechanism of ethephon improving the wintering performance of M. wufengensis. Table 1 . Summaries of previous studies on the effect of ethephon or ethylene on the chilling/freezing tolerance of plants.
Role in Freezing Tolerance
Species By which Bio Synthetic Pathways or Molecular Mechanism
Positive Wheat [29] Ethylene precursor amino cyclopropane carboxylic acid was quickly upregulated Tobacco [30] TERF2/LeERF2 is involved in enhancing freezing tolerance Secale cereale (rye) [32] Ethylene induces antifreeze activity Tomato [33] maintaining chlorophyll a fluorescence levels (Fv/Fm) Phaseolus spp. (bean) [34] The more chill-tolerant cultivars produced greater amounts of chilling-induced ethylene Rice [35] Overexpression of ethylene response factor TERF2 confers cold tolerance in rice
Medicago truncatula [26] Ethylene level was negatively correlated with freezing tolerance as inhibition of ethylene biosynthesis by inhibitors of ethylene biosynthesis enhanced freezing tolerance Negative Arabidopsis [27] Repressing expression of CBF and Type-A ARR genes Bermudagrass [28] negatively affected proline concentrations of some cultivars
Conclusions
Freezing injuries have been a restricting factor limiting whether Magnolia wufengensis can be planted in certain areas. A high freezing tolerance could effectively protect plants against freezing tolerance during the natural overwintering period, which includes mid-winter extremely low temperatures and cold spells in the spring. The freezing injuries tend to happen to delicate stems and young shoots, especially tips with growing points. The branches of young trees suffering from freezing injuries stop growing, and renewed growth in the next year will affect the normal growth of trees, reduce the biomass, and may also decrease the wood quality, which will affect the harvest time and quality of wood cultivated as timber forest. Therefore, a high freezing tolerance can improve the survival rate of afforestation, shorten the harvest time of wood, and improve the quality of wood in the future. ETH treatment could have a positive role in enhancing the freezing tolerance, growth, and afforestation of M. wufengensis. Firstly, late-autumn ETH treatments could enhance the freezing tolerance and increase the survival rate, which are conducive to tree growth. In general, injured and poorly growing plants tend to be more vulnerable to infection with other adverse conditions, including various viruses and fungi biotic stresses, as well as abiotic stresses. Therefore, the high freezing tolerance of plants obtained by ETH treatment could decrease the risk of injury or sickness and help to maintain tree health. Secondly, ETH treatment could accelerate shoot growth cessation and leaf senescence, and fasten cold acclimation progress, which includes periderm formation. It may have some impact on the wood chain. Thirdly, ETH treatment could have a long and positive role in freezing tolerance which can be maintained throughout the natural overwintering period, representing a convenient, effective, and practical method to apply on a large scale.
In conclusion, ETH foliar application has a positive role in enhancing the freezing tolerance of M. wufengensis, and the optimum concentration in this study was 1000 mg·L −1 , which initiated a cascade of steps for advancing the cold acclimation process of M. wufengensis. An improved freezing tolerance under ETH application was associated with a water content decrease and the accumulation of proline. We suggest that foliar ETH application may be used on M. wufengensis grown in northern China to improve its overwintering performance where there are short growing seasons and early fall frost events.
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